In analogy to the [M II (bpy) 3 ] 2+ cations, where M II is a divalent transition-metal and bpy is 2,2′-bipyridine, the tris-chelated [M III (bpy) 
Introduction
The role of dipositive, tris-chelated transition-metal bipyridine complexes as templates in the formation and crystallization of chiral, three-dimensional (3D) homo-and bimetallic oxalatebridged networks is now well-established. 1,2 The topological, chemical and physical properties of the resulting polymeric frameworks are fascinating. In particular, the three-dimensional connectivity of spin-carrying centers as well as the chemical variability of the metal ions render these compounds valuable candidates for experimental and theoretical studies in the field of molecular-based magnetic materials. 3, 4 Of further interest is the occurrence of a specific ∆-or Λ-helical chirality originating from the (L ∧ L) 3 -type of connectivity which is effective for the cations as well as for the building blocks of the 3D extended network. As a matter of fact, basically enantiomerically pure single crystals are obtained, although in a few cases merohedrically twinned single crystals have been observed. In any respect, it is certainly a rare case in inorganic chemistry that turns up with structural architectures of chiral, polymeric 3D compounds which can be crystallized.
Addressing and summarizing the topological features, one has to recall that the rigid, but still somewhat adaptable supramolecular structures can be described as cubic, 3-connected 10-gon nets (10,3), and accordingly they may be considered as the 3-connected analogs of the diamond net. 5 Figure 1 displays a stereoview of the topology of this (10,3) framework on one side schematically and on the other side in form of a section of a metal-oxalate network. The crystal structure of the homometallic compounds is appropriately described within the pair of the cubic enantiomorphous space groups P4 1 32/P4 3 32, whereas the crystal structure of the heterometallic compounds is refined within the cubic space group P2 1 3. Obviously, the regular connectivity of the metal ions within the network in combination with the 32 (D 3 ) molecular point group symmetry of the cationic templates favors a cubic crystal symmetry, although this is not a prerequisite for the realization of that special network topology. In fact, for a 1,2-dithiooxalate analog to the three-dimensional oxalate compounds (compound 5 in the present series), we also found an orthorhombic crystal symmetry to be in accordance with the given (10,3) network structure.
Furthermore, we have previously drawn attention to the possibility of an extensive variation of the metal ions for the [M II (bpy) 3 ] n 2n-. Now, in order to assess even in a more comprehensive way the chemical and structural flexibility of these networks and to expand our previous work, the tris-chelated cations which are belived to initiate the formation and crystallization of the nets, have been more extensively varied. On one side it is of interest to examine the structural response toward a [M III (bpy) 3 ] 3+ template and on the other side toward a bulkier [M II (phen) 3 ] 2+ cation, where phen is 1,10-phenanthroline. Surprisingly, in the former case, the system reacts with an elaborate inclusion of an additional complex anion while keeping the known topology, the crystal symmetry, and the lattice parameters fixed. It does so by encapsulating these anions in cubic-shaped empty spaces formed by six of the planar bipyridine ligands from three adjacent cations. In the latter case, as proven with the 1,2-dithiooxalatebridged 3D compound (vide infra), the framework demonstrates a marked flexibility in adopting both the shape and width of the cavities to accommodate the steric requirements of the bulky cations.
Moreover, perceiving that 1,2-dithiooxalate may act as an alternative to the oxalate bridging ligand, we set the target to demonstrate that 1,2-dithiooxalate may build up the analogous polymeric three-dimensional networks. As a result, the crystal structure of a first example of a 3D dithiooxalate-bridged compound is reported.
Of further interest is the study of the photophysical properties of these systems. In this contribution we also report the results obtained from single-crystal absorption spectroscopy and from luminescence experiments carried out on compound 1. The special advantage of the chosen metal ion combination for 1 is that it allows for an unequivocal observation of resonant and phonon-assisted energy transfer processes, on one side within the infinite donor array and on the other side between the donor and acceptor sites. 3‚3H2O and 2.4 g of 2,2′-bipyridine were refluxed for 24 h. After addition of charcoal, the suspension was refluxed for another hour and finally filtered to remove any solid particles. Upon addition of 20 mL of concentrated, aqueous NaClO 4 solution and cooling in an ice bath, the microcrystalline product was deposited. It was recrystallized from a water/ethanol (40/60) solution.
Experimental Section
[Cr III (bpy)3][ClO4][Mn II 2(ox)3] (2). An X-ray structural analysis was completed. Anal. Calcd for C 36H24ClCrMn2N6O16: C, 43.50; H, 2.43; N, 8.46; Cl, 3.57; Cr, 5.23; Mn, 11.06. Found: C, 43.40; H, 2.30; N, 8.60; Cl, 3.70; Cr, 5.20; Mn, 10.50 .
[ C, 44.06; H, 2.47; N, 8.56; Cr, 5.30; Mn, 11.20. Found: C, 42.90; H, 2.45; N, 8.35; Cr, 5.25; Mn, 10.85 .
[Co III (bpy)3][PF6][NaCr III (ox)3] (4). An X-ray structural analysis was completed. Anal. Calcd for C 36H24CoCrF6N6NaO12P: C, 42.75; H, 2.39; N, 8.31; Co, 5.83; Cr, 5.14; Na, 2.27. Found: C, 42.70; H, 2.45; N, 8.55; Co, 5.95; Cr, 4.60 and NaCl. The resulting mixture was kept protected from light in a covered beaker to prevent the solvent from evaporation. Within several days, complex-shaped, deeply colored single crystals formed, and an X-ray structural analysis was completed. Anal. Calcd for C 45H30Co-N 6NaNiO7S6: C, 49.15; H, 2.75; N, 7.64; S, 17.49; Co, 5.36; Na, 2.09; Ni, 5.34. Found: C, 48.35; H, 3.25; N, 7.75; S, 18.70; Co, 5.20; Na, 2.10; Ni, 5.60 .
Crystallographic Structure Determination. Some relevant crystallographic data and structure determination parameters for the four cubic (1, 2, 3, 4) 3D structures and the orthorhombic 3D structure (5) are given in Table 1 . Data for all five compounds were collected on an Enraf-Nonius CAD-4 diffractometer using graphite-monochromatized Mo KR radiation. Unit cell parameters were obtained from least-squares refinement of the θ angles of 25 reflections with 12.0°< 2 θ < 37.0°f or 1; 14.6°< 2 θ < 31.8°for 2; 15.2°< 2 θ < 31.8°for 3; 15.4°< 2 θ < 21.2°for 4; and 15.0°< 2 θ < 28.0°for 5. Friedel pairs were collected in the ranges 1.85°< θ < 20°for 1; 1.85°< θ < 21°for 3; and 1.85°< θ < 20°for 4. The maximum θ values for the data collection were 30°for 1, 32°for 2, 30°for 3, and 30°for 4. Due to relatively large unit cell parameters, only a quarter of the limiting sphere was used for the data collection of compound 5 (θ max ) 28°). It should be noted that the data reduction for compounds 1 and 4 is based on 3-fold equivalent measured reflections according to the lower symmetry of the space group P2 13, while for compounds 2 and 3 6-fold measured equivalent reflections were reduced. The number of measured and unique reflections with R int were 8026, 2505, and 0.076 for 1; 13902, 2195, and 0.068 for 2; 8234, 1838, and 0.048 for 3; 8023, 2503, and 0.033 for 4; and 12432, 11649, and 0.057 for 5. The number of reflections with I > 2σ(I) used to determine the lower R values in Table  1 are 1193 for 1; 726 for 2; 1232 for 3; 1997 for 4; 5361 for 5. Data collection, unit cell refinement and crystal face indexing for absorption corrections were carried out with the Enraf-Nonius CAD-4 software. 13 Three standard reflections were measured every 3 h during the data collection for 1-4. For compound 5 only two standard reflections were remeasured every 3 h. The observed decay and the number of measured standard reflections were -0.3%, 90 for 1; -1.9%, 132 for 2; -2.1%, 120 for 3; -4%, 99 for 4; and -0.2%, 82 for 5. Absorption corrections are based on four (1), nine (2), eight (3), four (4), and 14 (5) indexed and measured crystal faces. Tetrahedral forms for 1 and 4 found by indexing the crystal faces are {111}. One corner of the octahedron of 2 appeared to be truncated and showed the crystal face (100). Compound 5 showed a complex morphology. Absolute structure parameters with their statistical uncertainities (su) and further experimental details are given in Table S14 (Supporting Information).
All five structures were solved by direct methods using SHELXS-86. 14 Space groups were determined by systematic extinction rules and by Flack's absolute structure parameter refinement. 15 No twinning by merohedry was noted for all five compounds. Refinements were performed on all five structures with SHELXL93 16 using anisotropic displacement parameters for all non-hydrogen atoms, except for the disordered perchlorate oxygen atoms in 1 (in 2 the perchlorate was refined anisotropically), the disordered BF 4 -group in 3, and the disordered fluorine atoms of the PF 6 -group in 4. All disordered groups in 1-4 have in common that the central atoms (Cl, B, P) occupy the sites with symmetry 32 (Wyckoff letter a) for 2 and 3 and sites with symmetry 3 (Wyckoff letters a or b) for 1 and 4. In case of the ClO 4 -groups, one oxygen atom is situated within a 3-fold axis in P4132, and two oxygen atoms are also located in the 3-fold axis in P2 13, whereas the other oxygen atoms are found in general positions. Altogether, two (P4 132) or four (P213) oxygen atoms were refined. Compared to these tetrahedral perchlorate groups, the BF 4 -and PF6 -groups were found to be more disordered.
For compound 5, not only the acetone group (which was isotropically refined with DFIX distance restraints) but also one of the dithiooxalate groups appeared to be strongly disordered. Split positional refinement trials of the disordered dithiooxalate group, as proposed by the program SHELXL93, were not stable at all. Even DFIX refinements, executed with averaged restrained bond distances C-O, C-S, and C-C were not successful. As the refined geometry of the unrestrained disordered ligand could also be interpreted as a trans-conformation according to the C-X (X ) S or O) distances, a refinement for this kind of model, interchanging the O and S scattering factors for these positions, was also tried. However, temperature parameters indicated a clear preference for the cis-conformation. As no restraint model refined successfully, the disordered dithiooxalate group was finally refined freely as it appeared in the difference Fourier map. It remains an open question if the recently published result using a nonlinear least-squares procedure 17 could help to refine the disordered ligand adequately.
H atoms of the bipyridine ligands were included in calculated positions and refined as riding models with fixed Uiso at 1.2 Ueq values of the preceding normal atom, for compounds 1 and 2. For compounds 3 and 4 however, the H atoms of the bipyridine part of the structures were fully refined with individual isotropic displacement parameters. Due to the larger number of symmetry independent ligands of the cation in 5, the 24 phenanthroline H atoms were included at calculated sites (C-H ) 0.93 Å) and were treated as the H atoms in 1 and 2.
Optical Measurements. Single crystal absorption spectra of [Cr III (bpy) 
spectrophotometer. For this purpose, one corner of one of the perfectly tetrahedral crystals was polished off, using Al 2O3 powder suspended in paraffin oil. The resulting triangular crystal (edges 0.4 mm, thickness 0.14 mm) was mounted on a piece of copper foil having an appropriate aperture. (ox) 3] were performed by irradiating powdered samples in quartz capillaries with the 568 nm line (2 mW CW) of a Kr + laser (Coherent Innova 300). The emitted light was dispersed with a 3 /4 m double monochromator (Spex 1404, gratings blazed at 500 nm, 1200 g/mm) and detected with a cooled GaAs photomuliplier (RCA C31034) in conjunction with a photon counting system (Standford Research SR 400). Sample temperatures down to 6.5 K were achieved using a cold He gas flow technique in order to ensure efficient cooling.
Results and Discussion
General Description of the Structures 1-4. The most notable feature of the structures 1-4 is the finding that the [M III (bpy) 3 ] 3+ cations, like their dipositive analogous, are able to initiate the crystallization of chiral, polymeric 3D structures. Indeed, the successful structural analysis disclosed exactly the same network configurations and the same crystal packing arrangements between the cations and the extended anionic array as those which have been determined in the case of the dipositive cations. 1,2 Accordingly, both types of anionic networks, [Mn II 2 (ox) 3 ] n 2n-(2), (3) and [NaCr III (ox) 3 ] n 2n-(1), (4), form basically the analogous three-dimensional pattern, namely 3-connected 10-gon nets (10,3). Thus, for a detailed discussion and an overall representation of these features, we may refer to the earlier reports. 1, 2 In this paper, compound 1 has been chosen for a photophysical study and a discussion of the different possible Cr(III) T Cr(III) energy transfer processes. Therefore, a short crystallographic characterization is presented for 1: Figure 2 shows an ORTEP drawing including both Cr(III) coordinations, and Tables 2 and 3 summarize the atomic fractional coordinates and 
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selected bond lengths and angles. The corresponding data for compounds 2-4 are available as Supporting Information. The geometric values of the bridging oxalate ligands and of the metal coordination spheres compare well with those described in the analogous compounds with the same connectivity. Likewise, for a detailed discussion we may refer to these reports. During the course of our studies we learned that a clear selectivity exists in that only the latter case could be realized. Thus, the question arose as to where the required additional anions would fit into the elaborate crystal packing arrangement. Molecular modeling examinations revealed no favorable empty spaces between the cations and the surrounding anionic network as they share common surfaces in close contact. Nevertheless, a simple solution emerged when it was recognized that the special packing arrangement of the cations themselves with their three-bladed propellers from the bipyridine ligands create as well cubic-shaped cavities just large enough to accommodate the required additional anions. In particular, within the cubic space groups P4 1 32/P4 3 32 and P2 1 3, the tris-chelated cations are assembled in a specific and highly symmetrical manner, such that in all three directions a pairing of parallel aligned, adjacent bipyridine ligands occurs. Three of these pairs together, perpendicularly oriented to each other, form cubic shaped vacancies with ample space for encapsulating neutral or charged molecules. It is noteworthy that so far in none of the preparations from aqueous solution, any enclosure of water molecules has been found to take place. These findings should not be a surprise, taking into consideration the hydrophobic environment of these cavities. However, in the actual case of the structures 1-4, the accumulation of positive charge from the tripositive cations results in an attractive Coulomb force strong enough to encapsulate anionic species.
Because each tris-chelated cation participates in the formation of three adjacent cavities, the target stoichiometry in a 1:1 ratio for the cation to encapsulated anion is realized with a full occupation of these vacancies. An examination of the site symmetry for these cavities, and hence the site symmetry for the hosted anions, reveals that there is a crystallographically imposed symmetry in form of a 3-fold axis. Figure 3 exhibits, as a stereodrawing, the packing arrangement of three adjacent tris-chelated cations (compound 2 is chosen as an example) together with the entrapped [ClO 4 ] -anion at the center of the cavity. The anion is shown in one of the two split positions which have been found in the structure refinement. Naturally, its molecular tetrahedral symmetry matches the crystallographically imposed C 3 -axis well. Figures 4 and 5 are space-filling representations of the same structural environment as shown in Figure 3 . Whereas Figure 4 beautifully accentuates the tight packing mode of the whole assembly, Figure 5 focuses on the regularly, cubic shaped cavity which is drawn with the frontal bipyridine ligand partially omitted in order to have a free view into the cage.
The diameter (plane to plane) of the cubic cavities for the compounds 1-4 is half of the corresponding unit cell axis; thus, a mean value of 7.77 Å may be quoted. Taking 1.85 Å for the half-thickness of the aromatic bipyridine ligand, there remains a spherical free space of about 4.1 Å in diameter to host the anion therein. The radius of a circumscribed sphere of [ClO 4 ] -is given as 2.90 Å; 19 consequently, there is no possibility for a rotational disorder and instead the oxygen atoms are confined to the directions of the vertices of the cube, again in accordance with the 3-fold symmetry axis. Thus, it is apparent that the encapsulated anion approaches the central metal atoms in the interligand pockets very closely. In particular, the Cr-O distance with a value of 4.25 Å is less than the cited value of 4.5 Å in the case of the tight ion pairs in [Cr (terpy) 
O (5).
The topology of this compound shows the expected chiral three-dimensional (10,3) network configuration. In contrast to the corresponding 3D oxalate-bridged structures, which are described in cubic space groups, it is noteworthy that compound 5, whose crystal structure was refined in the orthorhombic space group P2 1 2 1 2 1 , shows all atoms to occupy only general positions. In particular, there is no more a crystallographically imposed 3-fold axis for the tris-chelated (18) metal ions, neither within the network nor for the cations. It should be noted that in spite of the nearly equal a and b axes, no tetragonal symmetry (e.g. P4 1 2 1 2 or P4 3 2 1 2) was observed.
A detailed illustration of the geometry of the Na, Co and Ni coordination, together with the labeling scheme of the asymmetric unit, is given in Figure 6 . The atomic fractional coordinates and the principal bond lengths and angles are listed in Tables 4 and 5 . A key structural element is certainly the specific coordination behavior of the bridging 1,2-dithiooxalate ligand. Evidently, a discrimination occurs, such that the bonding to cobalt(III) is through the sulfur atoms, whereas the sodium atoms bind to the oxygen ends of the bridging ligand.
The 1,2-dithiooxalate ligands are approximately planar. The dihedral angles about the C-C bonds are, for ligand 1, O(1)-
-4(1)°, and, for ligand 3, O(5)-C(5)-C(6)-O(6) ) 6(2)°and S(5)-C(5)-C(6)-S(6) ) 3(1)°. Due to the unsatisfactory result of the refinement of the atoms C(4), S(4), and O(4) (all within ligand 2), which showed unexpectedly high displacement parameters, the corresponding bond distances and angles from ligand 2 deviate significantly from the mean obtained from ligands 1 and 3 only (compare with data in the Experimental Section). The mean lengths for ligands 1 and 3 are S-C ) 1.691(12), C-C ) 1.560 (15) weak covalent bonding character of the oxygen atoms toward the sodium atom. For instance, the C-O (ligating) length for the oxalate ligand bound to iron(III) shows a mean value of 1.278(4) Å. 1 The geometry around the cobalt center is best described by comparing it with the above cited mononuclear, tris-chelated [Co(dto) 3 ] 3-compound. 20 Thereby, the effects which originate from the 3D connectivity within the network will be apparent. The mean Co-S length determined from ligands 1 and 3 is 2.244(4) Å, which is exactly the same as the value quoted for the mononuclear compound [2.244(5) Å]. 20 Also the intraligand S-Co-S angles with values of 89.4(1)°and 89.9(1)°for the ligands 1 and 3 compare well with the average of 89.7(2)°given for the reference structure. 20 In addition inspection of Table 5 will show the interligand S-Co-S angles and thereby reveal the extend of the angular distortion of the CoS 6 core. For a comparison, the angular deviations around the metal cores for the cubic, heterometallic oxalate-bridged compounds 2 are all less than 10°from the idealized 90°or multiples there of.
The interatomic Na-O distances with a mean value of 2.376(11) Å for ligands 1 and 3 can be compared with the mean value of 2.319(3) Å in the oxalate-bridged network [NaFe III (ox) 3 ] n 2n-. 2 Furthermore, this distance is only slightly less than the sum of the corresponding ionic radii.
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6133 (24) 5449 (15) 11369 (18) 128 (13) Figure 9 shows the unpolarized singlecrystal absorption spectrum of 1 at 15 and 295 K (the cubic space group P2 1 3 gives no polarization information). It consists of a comparatively intense broad band centered at 18 300 cm -1 ( max ) 90 L/(mol cm)) and a series of weaker, sharp lines mostly on the low-energy side of this band. The latter are reproduced in detail in Figure 10 . Above 22 000 cm -1 , there is a rise to a very intense absorption band.
The molecular trigonal axis for both chromophores, [Cr-(bpy) 3 ] 3+ and [Cr(ox) 3 ] 3-, whereby the latter is formally taken as a subunit of the infinite array, is preserved in the site symmetry of the crystal. Thus, for [Cr(bpy) 3 ] 3+ , absorption energies and zero-field splittings are expected to be similar to those observed for this chromophore in other trigonal environments. The same holds for [Cr(ox) 3 ] 3-. As the spectra for both [Cr(bpy) 3 ] 3+ 22, 24 and [Cr(ox) 3 ] 3-23 are well-known, the assignment of the bands is straightforward. With extinction coefficients below 100 L/(mol cm), all the bands below 21000 cm -1 are due to d-d transitions. The broad band at 18300 cm -1 definitely corresponds to the 4 A 2 f 4 T 2 transition of [Cr(ox) 3 ] 3-. It directly gives the ligand field strength 10Dq ) 18 300 cm -1 , which is a typical value for six-fold oxygen coordinated Cr(III). 25 The respective band for [Cr(bpy) 3 ] 3+ would be expected at energies around 23 000 cm -1 , as 10Dq for 6-fold nitrogen coordination is generally substantially larger. 25, 26 As denoted in Figure 10 , the band at the lowest energy, the doublet at 13 720 cm -1 , corresponds to the well-known R-lines of the 4 A 2 f 2 E transition of [Cr(bpy) 23 The zero-field splitting in this case is 13 cm -1 . The shoulders on the low-energy side of this doublet may be assigned to the 4 A 2 f 2 T 1 transition of [Cr(bpy) 3 ] 3+ . The respective transition of [Cr(ox) 3 ] 3-is found between 14 800 and 15 200 cm -1 together with some vibrational side bands, and the 4 A 2 f 2 T 2 transition of [Cr(ox) 3 ] 3-is found at 21 120 cm -1 (see Figure 9 ). As is usual for the (spin-forbidden) spinflip transitions in Cr(III) complexes, they are all sharp, and as there is no center of inversion in tris-chelate complexes, most of the (electric dipole) intensity is in the electronic origins. Above 22 000 cm -1 the spectrum is swamped by the intense absorption of an LMCT transition of [Cr(bpy) 3 ] 3+ . 26 Luminescence and Energy Transfer. Figure 11a shows the luminescence spectrum of [Cr III (bpy) (a) the spectral overlap of the 4 A 2 f 2 E band of [Cr(ox) complexes at distances between 6.1 and 9.2 Å. Unfortunately, the luminescence spectrum of the [Cr(bpy) 3 ] 3+ chromophore is rather complicated. As it should, the highest energy doublet of strong lines at 13 720 cm -1 coincides with the doublet which was assigned to the electronic origins of the 4 A 2 f 2 E transitions in absorption. Its temperature dependence, too, is consistent with the zero-field splitting of 15 cm -1 (see inset, Figure 11a ). But instead of being more or less a mirror image of the absorption, the spectrum has additional sets of equally strong lines. Such a behavior is a common phenomenon in concentrated materials and is prone to misinterpretation. 
